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Wax esters in two species of freshwater zooplankton Abstract-Lipid classes were determined in three Lake Michigan hypolimnetic Calanoid copepods, Limnocalanus macrurus, Diaptomus sicilis, and Senecella calanoides. Limnocalanus macrurus and S. calanoides contained large stores of wax esters (57-809'0 of total lipid). Wax esters in this amount have not previously been reported for freshwater zooplankton. Diaptomus sicilis exhibits a typical freshwater lipid profile and contains triacylglycerols as its lipid reserves. Lipid storage sites are morphologically different in the copepods. Limnocalanus macrurus and S. calanoides store their wax esters in a large sac that surrounds the intestine, whereas D. sicilis maintains lipid droplet morphology typical of freshwater "triacylglycerol-storing" zooplankton.
Limnocalanus macrurus and S. calanoides are "glacial relicts," which may explain the origin of their typically marine wax ester lipid class.
Lipids are important biochemicals in freshwater and marine ecosystems (Lee et al. 197 1; Morris 1972 Morris , 1984 Tessier et al. 1983) . The different classes of lipids serve specific functions; for example, phospholipids and cholesterol are essential constituents of cell membranes (Geise 1966) . Triacylglycerols and wax esters are important energy storage compounds that allow animals to save energy resources for reproduction (Goulden and Henry 1984) or for periods of irregular food supply (Griffiths 1977; Lee et al. 1970, 197 1; Morris 1972) . For example, animals living in the arctic and deep regions of the ocean may face intermittent food and be subject to long periods of starvation. As a result these species need to accumulate lipids when food is abundant (Lee et al. 197 1; Lee 1975; Morris 1972) .
Both triacylglycerols and wax esters occur in many marine fauna, but significant quantities of wax esters have never been ob-served in freshwater animals (Morris 1984) . We report here the presence of wax esters as a major lipid component (57-80% oftotal lipid) in the freshwater Calanoid copepods, Limnocalanus macrurus and Senecella calanoides.
The exact functions of wax esters in marine environments are not fully understood, but likely include buoyancy, as well as energy storage (Lee et al. 197 1; Morris 1972; Nevenzel et al. 1969 ). These same functions may also apply to triacylglycerols for freshwater organisms (Morris 1984) . Organisms that store wax esters are more buoyant than those with similar levels of triacylglycerols because wax esters have a lower density than triacylglycerols (0.86 vs. 0.92 at 2 l°C) (Lewis 1970). As a result, wax esters provide 45% more lift than triacylglycerols (Sargent et al. 19 76) . Organisms living in very deep waters or cold surface waters have considerably more wax ester reserves than those living in tropical or subtropical regions, 70% of the dry weight vs. lo%, respectively (Lee and Hirota 1973; Lee 1975) . Also, triacylglycerols are usually the major lipid reserve of epipelagic (upper 250 m) marine organisms whereas wax esters tend to be the dominant lipid reserve of the bathypelagic zone (below 1,000 m) organisms (Lee et al. 197 1; Morris 1972) . Triacylglycerols are generally the major storage lipid of freshwater fauna (Goulden and Henry 1984; Arts and Sprules 1987) . Although wax esters have not been reported in freshwater zooplankton, small quantities of wax esters have been reported for a few species of freshwater algae (Cranwell et al. 19 8 8) . In addition, Chromatographic analysis suggested that they may be present in hypolimnetic sediment-trap materials from Lake Huron (Parrish 1986 (Parrish , 1987 Calanoid copepod that occupies a niche very similar to that of L. macrurus (Dadswell 1974 Total lipids were extracted and quantified gravimetrically by a micro method (Gardner et al. 1985) . A subsample of lipid extract was saved and stored below 0°C under nitrogen for later determination of lipid classes by thin-layer chromatography with flame ionization detection (TLC-FID) (Parrish 1986 (Parrish , 1987 Parrish et al. 1988 ). Degradation of lipids during drying, extraction, and storage was apparently minimal as < 5% of the observed lipids occurred as free fatty acids. The lipid extract was spotted directly onto silica-coated Chromarods-SII (Ancal Inc.). Lipid classes were separated by sequentially developing the rods in increasingly polar solvent systems (Parrish 1986, 19 8 7) . Between solvent developments, rods were scanned with an Iatroscan Mark IV (Iatron Labs., Tokyo) connected to a Hewlett-Packard 3 3 92A integrator. A mixed lipid standard was used for TLC-FID calibration and quantification.
It included one compound from each of the following lipid classes: hydrocarbon, sterol ester, triacylglycerol, free fatty acid, alcohol (aliphatic), sterol (alicyclic alcohol), and phospholipid.
On separate extracts, wax esters were separated from sterol esters by thin-layer chromatography (TLC) with molecule planarity as the means of separation (Stewart and Downing 198 1; Nicolaides 1970). Standards and the three Calanoid-copepod lipid extracts were spotted directly onto TLC plates coated with magnesium hydroxide (Analtech). In addition to the TLC-FID standard, a wax ester (oleic acid stearyl ester) and a sterol ester (cholesteryl stearate) standard were used for TLC. Following the application of standards and extracts, the TLC plates were developed in a solvent system of hexane/acetone (99 : 1). The separated compounds were made visible by either spraying with a 0.2% solution of 2',7'-dichlorofluorescein in 96% ethanol in water or by charring the plate after spraying with 50% sulfuric acid.
The total lipid content of female L. macrurus ranged from 42.3 It 3.1% (SE of the mean) for replicate extractions to 67.3 +_ 3.3% of dry weight in spring and late summer, respectively. The total lipid content of male L. macrurus was 44.7 + 3.0% in spring and 50.0+: 2.1% in summer and resembled values for females sampled on the same dates (Fig. 1) . Senecella calanoides had a total lipid content of 29.5+2.3% in spring. The combination of wax esters and sterol esters composed up to 80.8+2.2% of the total lipids measured by TLC-FID in L. macrurus, and 57.6 & 1.2% in S. calanoides (Fig. 2) .
Although the TLC-FID method does not separate wax esters from sterol esters, sterol esters usually constitute only a very small portion of zooplankton lipids (Lee and Hirota 1973) . We verified this assumption by using magnesium hydroxide TLC to separate wax esters from sterol esters. Visual observation of the developed plates showed that most of the lipids in L. macrurus and S. calanoides had the same relative reten- tion position as the wax ester standard; no lipids were observed at the relative retention position of sterol esters (Fig. 3) . Other more polar lipids migrated more slowly and were less dramatically visualized in the lower region of the TLC plate for L. macrurus and S. calanoides spot developments. All D. sicilis lipids migrated more slowly than either the sterol ester or the wax ester standards (Fig. 3) . Based on this verification we conclude that wax esters are the principal components of the TLC-FID wax ester-sterol ester peak observed in L. macrurus and S. calanoides; therefore we refer to these compounds as "wax esters." Triacylglycerols accounted for up to 17.5 + 1.6% of the total lipids in L. macrurus. The storage lipids, wax esters and triacylglycerols, together may constitute up to 90% of the total lipid content of adult L. macrurus, depending on time of year (Fig.  1 ( Fig. 2) . Lipids in D. sicilis were typical of those observed in other freshwater species (Goulden and Henry 1984; Morris 1984 Notes present in the copepods (Fig. 2) . Hydrocarbons were < 1% of the total lipid and therefore are not presented in Fig. 2. The occurrence of wax esters in L. macrurus and S. calanoides counters the paradigm that freshwater crustaceans do not contain wax esters. Limnocalanus macrurus is a "glacial relict." Glacial relicts were introduced mainly from marine sources into the Great Lakes and many other glacial lakes from proglacial pools following the glacial recession during the Pleistocene (Dadswell 1974; Segerstrale 1976; Gannon et al. 1978 ).
Limnocalanus macrurus is tolerant of variations in salinity and has been known to travel through brackish water and the Arctic Ocean (Grainger 1965) . Wax esters have recently been found in L. macrurus from the Beaufort Sea (A. Place pers. comm.). Thus the marine origin of L. macrurus seems to explain its wax ester content. Although it is also a glacial relict, the marine origin of S.
calanoides is less obvious. It is believed to have existed in the Great Lakes region before the Pleistocene. Senecella calanoides is less tolerant of high salinity and high temperatures than L. macrurus and apparently exists only in freshwaters. Its relatives, members of the family Pseudocalanidae, however, are marine (Balcer et al. 1984; Dadswell 1974) . The presence of wax esters in L. macrurus and S. calanoides suggests an aquatic source of animal-synthesized wax esters that have been observed in hypolimnetic sediment-trap materials from the Great Lakes.
